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FOREWORD 


This  report  was  prepared  by  Cornell  Aeronautical  Iaboratory>  Inc*, 
under  USAF  Contract  No*  AF  33(m6)>7005*  This  contract  was  initiated  under 
Project  Ifo*  73UO  "NbnnetalUc  and  Composite  Materials,"  Task  No*  73UOO 
"Organic  and  Inorganic  Plastics*"  The  work  was  administered  under  the  direc¬ 
tion  of  Plastics  and  Conposltes  Branch,  Nbnnetallic  Materials  Laboratory, 

Dir  of  Materials  and  Processes,  Aeronautical  l^stems  Division  with  George 
P*  Peterson  acting  as  project  engineer* 

Thle  report  covers  work  conducted  from  January,  1^60  to  January,  1961* 


ABSTRACT 


In  this  investigation  silicon  carbide  idiiskers  were  grown  under  various 
experimental  conditions*  The  strength  and  modulus  of  elasticity  of  several 
idiiskers  were  determined  at  room  temperatiire.  Methods  of  heating  the 
whiskers  for  high  tenperature  measurements  were  investigated.  The  specific 
gravity  of  the  whiskers  has  been  Inferred  from  measurement  of  the  \init  cell 
dimensions  by  X-ray  diffraction  patterns* 

Silicon  carbide  vdiiskers  were  grown  by  pyrolysis  of  methyltrichlorosilane 
in  hydrogen*  In  some  cases  dense  growths  of  whiskers  from  1*2  to  1*$  centi¬ 
meters  in  length  and  from  2  to  $  microns  in  diameter  were  observed*  The 
longest  whisker  obtained^  thus  far,  was  $  centimeters  in  length* 

The  tensile,  strength  of  these  xdiiskers  ranges  from  1CX),U00  to  1,650,000 
psi*  The  elastic  strain  at  failure  varied  from  O.Ul  to  1.10  per  cent  and 
the  observed  values  of  elastic  modulus  varied  from  12,700,000  to  123,300,000 
psi*  These  results  Indicate  that  silicon  carbide  whiskers  can  be  strong, 
high  modulus  of  elasticity  materials.  Mich  research  remains  to  be  done  to 
tnprove  the  methods  of  measurement,  and  to  define  the  conditions  of  measure¬ 
ment  and  the  types  of  whiskers  that  will  give  the  best  performance  as  struc¬ 
tural  materials* 


PUBLICATION  REVIEW 


This  report  has  been  reviewed  and  is  approved* 
FOR  THE  COMK/UiDER: 


H*  S*  SCHWARTZ,  Chief 
Plastics  &  Composites  Branch 
Nonnetallic  Materials  Laboratozy 
Directorate  of  Materials  &  Process 


WADD  TR  61-252 


ill 


TABLE  OF  COKTENTS 


I 

I 


Page 

Introduction  . . 

nroaadure  . . . .  3 

Preparation  of  Silicon  Carbide  Whiskers  ••••••••  3 

Diameter  Measurement*  . . 

Mechanical  Property  Measurement  . .  ], 


Results  and  Discussion  8 

Whisker  Growth*  . . 8 

Mechanical  Property  MeasurasMnt  . .  11 

Sunmaxy  and  Reooanendations* . * . *  23 

References  **•  .  **•*.•**  25 


0 

I 


WADD  TR  61-2^:! 2 


It 


LIST  OF  FIGURES 


Figure  Page 

1  Schematic  Illustration  of  the  lyrolytic  Gaseous  Reactant 

Process  for  Growing  SiC  VAiiskers*  . .  13 

2  Apparatus  Ehiployed  in  the  Synthesis  of  SiC  VAiiskers  by 

I^olytic  Gaseous  Reaction  . .  11^ 

3  Schematic  Representation  Illustrating  Modifications  of  an 

Anayltical  Balance  for  Tensile  Testing  Whiskers  .  1$ 

k  Modified  Analytical  Balance  and  Associated  Filar  Microscope 

for  the  Tensile  Testing  of  Whiskers  . .  16 

$  Graphite  Reaction  Tube  Illustrating  Typical  Areas  of 

Formation  and  Growth  of  Reaction  Products  .  1? 

6  "Antler"  Form  of  Silicon  Metal  Found  to  Deposit  in  Area  A 

of  Reaction  Tube  -  mag . . .  18 

7  "Bush"  Form  of  Silicon  Metal  Found  to  Deposit  in  Area  A 

of  Reaction  Tube  -  3*5X  mag  . .  18 

8  Short,  Stubby  Needle-Like  Growth  of  SiC  Typical  of  Forma¬ 
tion  in  Area  B  ..........  .  19 

9  Typical  Formation  of  "Cotton-Like"  SiC  Whiskers  in  Area  C 

by  the  Gaseous  Reactant  Process  . .  20 

ID  Alpha  SIC  Whiskers  Grown  in  Area  C  of  Reaction  Tube  hy 

pyrolytic  Gaseous  Reactant  IT'ocess.  . .  21 

11  Banded  and  Unbanded  Alpha  SiC  Whiskers  Grown  in  Area  C  of 

Reaction  Tube  . . . . .  22 


WADD  TR  61-2^2 


V 


LIST  OF  TABLES 


Table  Page 

I  Bsqperiments  Using  Silicon  Tetrachloride,  Toluene 

and  l^drogen  . .  26 

II  Experiments  Using  Methyltrichloro silane,  Toluene 

axid  ^jrdrogen  . .  29 

III  Results  of  Tensile  Measurements  on  SiC  Uhlskers  •  •  32 


WADD  TR  61-2^2 


' 


imODUCTION 


In  spite  of  considerable  research  effort,  we  are  still  not  able  to 
exploit  the  potential  strength  of  materials.  The  strengths  predicted  from 
cohesive  forces  between  atoms  are  roughly  one  to  two  orders  of  magnitude 
greater  than  the  strengths  observed  in  ordinary  commercial  materials.  Some 
progress  has  been  made  toward  explaining  these  differences  in  strength.  A 
partial  understanding  of  the  role  of  dislocations  has  been  helpful.  It  is 
now  possible  to  conceive  ways  in  vAiich  the  potential  strength  of  materials 
can  be  used  in  practical  applications.  One  of  the  most  promising  approaches 
is  through  the  use  of  materials  in  whisker  form. 


Whiskers  have  been  studied  intensively  in  recent  years.  Herring  and 
Galt  (1)*  found  that  the  strength  of  tin  vdiiskers  was  close  to  the  calculated 
strength.  They  meastired  elastic  strains  of  approximately  3^  vdiich  corres¬ 
ponds  to  a  stress  equivalent  of  approximately  100  Kg/mm^  (1^0,000  psi)  and 
greatly  exceeds  the  tensile  strength  of  2,8  Kg/mm^  (1;000  pdi)  for  palycrys-  — 
talline  bulk  tin.  Subsequent  studies  on  the  mechanical  properties  of  both 
metallic  and  non-metallic  whiskers  by  Brenner  (2,3),  Eisner  (ii),  and  Riebling 
,and  Webb  (5),  as  well  as  others,  have  yielded  encouraging  results^ 


The  study  of  whiskers  has  also  provided  valuable  information  about 
crystal  growth  mechanisms,  Frank  (6),  treating  crystals  growing  from  vapors 
and  liquids,  describes  the  growth  mechanism  as  one  generated  and  propagated 
by  screw  dislocations.  The  screw  dislocation  theory  was  used  by  Brenner  and 
Sears  (7)  and  Sears  (8)  to  describe  the  growth  of  whiskers.  Webb  and 
Forgeng  (9)  attributed  the  high  strength  of  tdiiskers  to  the  absence  of  edge 
dislocations.  They  concluded  that  introduction  of  a  few  dislocations  into 
ductile  metal  ^iskers  decreased  the  strengths  manyfold  but  in  the  light  of 
the  somewhat  contridictory  observations  by  Pearson,  Read  and  Feldmann  (10) 
on  silicon,  .njake  a  distinction  between  the  effects  of  dislocations  in  ductile 
and  brittle  crystals.  The  proceedings  of  a  recent  conference  on  growth  and 
perfection  of  crystals  (11)  are  a  convenient  source  of  information  on  the 
state  of  whisker  research. 


As  a  result  of  requirements  for  good,  high  temperature  semi-conductors, 
much  effort  has  been  devoted  to  growth  of  silicon  carbide  crystals  in  recent 
years.  The  results  of  this  research  have  been  reviewed  (12)  and  cannot  be 
considered  to  be  completely  satisfactory,  Ihe  quality  of  the  crystals  must 
be  substantially  improved  before  widespread  semi-conductor  applications  are 
possible.  During  the  search  for  ways  to  grow  good  silicon  carbide  crystals, 
long  thin  crystals  were  grown  by  Merz  (13),  Hamilton  (Ih),  and  the  group  at 


*  See  References,  page  2$ 
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Amour  Research  Foundation  (15).  The  crystals  grown  by  Merz  had  large 
length- to~diameter  ratios  and  were  characterized  as.^iskers.  The  possibili¬ 
ties  for  practical  application  of  these  filamentary  crystals  do  not  seem  to 
have  been  considered. 

The  purposes  of  this  program  were  to  investigate  techniques  for  obtain- 
ing  optimum  silicon  carbide  whiskers  and  to  measure  the  mechanical  properties 
of  the  idiiskers  in  order  to  provide  the  information  necessary  to  evaluate  these 
materials  as  possible  reinforcements  for  structural  composites.  The  proper¬ 
ties  of  silicon  carbide  that  may  make  these  idiiskers  useful  as  reinforcing 
material  for  composites  are  high  strength,  high  modvilus  of  elasticity,  high 
index  of  refraction,  low  specific  gravity,  stability  of  decomposition  and 
oxidation  products,  hardness,  and  corrosion  resistance.  The  high  index  of 
refraction  of  silicon  carbide  may  be  important  in  scattering  thermal  radia¬ 
tion  in  solid  composites  or  residual  materials  during  ablation. 

Silicon  carbide  vdiiskers  that  are  longer  than  those  previously  known 
were  grown  by  fyrolysls  of  methyltrichlorosilane  in  hydrogen.  The  tensile 
strength  and  modulus  of  elasticity  were  measured.  This  experimental  work  Is 
described  and  the  results  are. discussed  in  the  following  sections. 
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PROCEDURE 


Preparation  of  Silicon  Carbide  V^lhiskers 

There  are  several  possible  methods  for  grovdng  silicon  carbide  crystals. 
The  techniques  used  in  this  investigation  are  based  upon  those  reported  by 
Merz  (13) •  These  techniques  involve  pyrolysis  in  hydrogen  of  gaseous  com¬ 
pounds  containing  Si  and  C,  The  hot  zone  temperature,  reactants,  and  pro¬ 
portions  of  reactants  and  hydrogen  carrier  gas  were  varied  in  an  effort  to 
determine  optimum  growth  conditions* 

Judging  from  the  variety  of  solid  products  observed  in  the  reaction 
tube,  the  reactions  viiich  occur  depend  very  much  on  the  local  conditions. 
Therefore,  it  is  not  possible  to  specify  a  single  reaction  which  adequately 
describes  the  processes*  In  addition,  the  details  of  the  processes,  which 
occur  at  each  location,  are  not  xinderstood*  In  the  case  of  experiments  in 
idilch  silicon  tetrachloride  and  toluene  are  used  as  reactants,  the  silicon 
tetrachloride  presumably  is  partly  decomposed  arid  then  reacts  with  carbon 
from  the  toluene  to  form  silicon  carbide  and  hydrochloric  acid.  In  the 
case  of  experiments  in  idiich  methyltrichlorosilane  is  used  as  the  reactant, 
the  gaseous  molecules  decompose  leaving  silicon  carbide*  A  simple  reaction 
that  can  be  helpful  in  understanding  the  overall  process  is  presented  below* 

CH3SiCl3  - >SiC  +  3HC1 

The  equipment  for  crystal  growth  by  gaseous  reaction  consists  essential- 
^  of  a  10«5  kw  SiC  resistance  heated  muffle  kiln  modified  to  accommodate  a 
1  VU"  I*D*  X  US"  long  impervious,  vacuum  grade,  mullite  tube*  Within  the 
mullite  tube  an  18'*  long  graphite  tube,  1“  I*D*,  is  positioned  so  as  to  ex¬ 
tend  over  the  length  of  a  reaction  and  crystal  growth  zones*  The  ends  of 
the  mullite  tube  are  sealed  with  neoprene  stoppers  each  with  stainless  steel 
tubing  inserts  vhich  permit  introduction  and  (Recharge  of  the  gaseous  prod¬ 
ucts*  In  addition,  the  inlet  stainless  steel  tubing  is  constructed  with  a 
sealed  window  which  facilitates  temper at\ire  measurements  by  optical  pyro- 
metry  and  permits  observation  of  ttie  crystal  growing  process*  Commercial 
grade  hydrogen,  supplied  to  a  flowmeter  mairi.fold,  is  allowed  to  bvibble  at 
predetermined  rates  through  the  liquid  reactants*  The  liquid  reactants  are 
evaporated  into  the  hydrogen  carrier,  combined  in  a  feed  manifold,  and  in¬ 
troduced  into  the  reaction  zone*  The  process  of  crystal  growth  by  gaseous 
reaction  and  the  features  employed  in  this  study  are  Illustrated  schematic¬ 
ally  In  Figure  1*  A  photograph  of  the  apparatus  is  presented  in  Figure  2* 
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Dlaiaeter  Measurement 


In  determining  the  mechanical  properties  of  the  SiC  filamentary  crystals 
having  diameters  of  the  order  of  2  to  it  microns,  it  is  essential  that  perti¬ 
nent  measurements  be  made  by  sensitive  methods*  A  magnification  metiiod  is 
required*  A  circular  idiisker  cross  section  was  assumed  since  no  evidence  to 
the  contrary  was  found  in  the  many  microscopic  examinations  made  in  the  course 
of  the  investigation. 

The  vhisker  measurement  technique  developed  in  this  study  involves  com¬ 
parison  measurements  wherein  the  magnified  diameter  of  the  viiisker  is  com¬ 
pared  with  a  calibrated  grid  enlarged  to  the  same  magnification*  Each 
whisker  to  be  mechanically  tested  is  photographed  in  a  Leitz  petrographic 
microscope  at  a  magnification  of  750X  and  compared  with  a  lined  O.Ol-mm 
metallographic  grid  pliotographed  under  the  same  conditions*  To  check  the 
accuracy  of  this  method,  a  number  of  idiiskers  of  various  diameters  were 
mounted  on  an  electron  microscope  grid.  Identified,  and  then  photographed 
at  750X  in  the  petrographic  microscope*  Hiese  crystals  were  compared  with 
the  magnified  0*01-mm  metallographic  grid,  and  the  size  determined*  The  same 
tdiiskers  were  then  re-identified  and  photographed  in  an  electron  microscope 
at  30,(X)0X  and  compared  with  a  28,800  lines  per  inch  diffraction  grating 
photographed  at  the  same  magnification*  The  maximiun  variation  in  diameter 
observed,  for  Individual  vdiiskers  of  a  group  of  9  specimens;  so  measured, 
was  0*2  microns  and  this  amount  only  for  ihlskers  larger  than  3  microns  in 
diameter*  !Ihe  slight  observed  variation,  however,  may  or  may  not  be  error 
depending  upon  whether  delicate  focusing  of  the  whiskers  or  small  diameter 
variations,  along  the  length  of  the  whiskers,  are  involved.  In  any  event, 
the  measurement  technique  appears  to  offer  an  acceptable  degree  of  accuracy 
for  whisker  size  determination* 


Mechanical  Property  Measurement 

In  the  measurement  of  the  mechanical  properties  of  whiskers,  the 
ability  to  apply  and  measxu'e  small  loads  and  the  ability  to  measiu’e  the 
resxiltlng  strain  are  Important*  A  review  of  the  literature  on  idiisker  test¬ 
ing  techniques  reveals  that  a  number  of  different  procedures  have  been  en- 
ployed*  Breiuier  (3)^  testing  whiskers  in  the  5  to  2^  micron  diameter  range, 
has  developed  a  technique  by  idilch  a  calibrated  solexioid  applies  the  load* 
Strain  in  this  apparatus  may  be  measured  optically  or  by  microformers*  This 
equipment  is  assigned  an  acciu’acy  of  +  10^  in  both  stress  aixl  strain* 
Schlicta  (16),  testing  Cu  vhiskers  1  to  $  microns  in.  diameter,  used  a  modi¬ 
fied  version  of  an  analytical  balance,  for  applying  load  and  a  microformer 
technique  for  strain  measurement*  The  microformer  is  sensitive  to  several 
tenths  of  a  micron  but  no  accuracy  limits  are  placed  on  the  apparatus* 

Webb  and  Forgeng  (9)  and  Pearson,  Read  and  Feldmann  .(10)  employ  bend  testing 
techniques  in  idiloh  mloromanlpulators  apply  a  bending  load  and  optics  are 
used  to  measure  the  resulting  defection*  The  results  of  the  bend  tests  are 
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converted  into  tensile  properties  through  related  formulae  in  idaich  certain 
assumptions  are  made.  Admittedly,  the  cohversion  of  bend  test  characteris¬ 
tics  into  tensile  properties  may  invite  some  uncertainty  but  results  so  ob¬ 
tained  appear  to  be  in  general  agreement  id.th  direct  tensile  observation 
for  identical  materials.  This  agreement  is  demonstrated  by  the  work  of 
^sner  (U)  and  Pearson,  Read  and  Feldmann  (10),  each  testing  silicon  idiisk- 
ers.  Eisner,  employing  the  tension  test,  obtfidned  2.03^  elastic  strain 
prior  to  ruptwe  while  Pearson  et  al.,  performing  bend  tests,  observed 
elastic  strains  up  to  2*6^. 

In  this  investigation  it  appeared  most  desirable  to  measure  the  tensile 
properties  directly.  The  technique  involves  application  of  an  analytical 
balance  adapted  for  whisker  testing.  The  balance,  a  chainomatic  type  with 
a  load  calibrated  accuracy  of  0.1  mg,  is  enclosed  in  a  glass  case  to  reduce 
draft  disturbances  and  the  leveled  case  is  insulated  against  external  vi¬ 
brations  by  mounting  on  isomode  pads.  In  modifying  the  balance  for  tensile 
testing,  an  adjustable  whisker  mount  assembly,  consisting  of  a  fixed  platen 
and  a  movable  beam  pivoted  on  a  knife  edge,  replace  the  balance  weighing 
pan.  The  whisker  mount  is  adjustable  in  both  the  horizontal  end  vertical 
directions  to  allow  whiskers  of  varying  length  to  be  tested  and  at  the  same 
time  to  provide  alignment  latitude  for  mounted  idiiskers.  Ely  this  arrange¬ 
ment  the  load  Introduced  into  the  weighing  system  is  transmitted  to  the 
whisker  directly  with  veiy  little  frictional  effect.  The  load  applying 
chain  normally  supplied  with  the  balance  was  replaced  with  a  heavier  chain. 
This  heavier  chain  increased  the  range  of  loads  that  could  be  applied  with 
the  chain  to  five  grams,  lilhile  this  modification  decreases  the  readable 
weighing  accuracy  from  0.1  mg  to  ^.0  mg,  it  has  the  advantage  of  permitting 
tests  to  be  performed  without  weight  manipulation  interruption.  The  sche¬ 
matic  representation  in  Figure  3  Illustrates  the  modifications  vhi-ch  were 
Buide  in  adapting  the  analytical  balance  for  whisker  testing.  The  procedure 
for  preparing  idiiskers  to  be  tested  consists  of  the  following  sequence  of 
events t  (a)  cement  one  end  of  the  whisker  to  the  movable  loading  lever  of 
the  idilsker  mount  assembly  with  DuPont  Duco  household  cement,  (b)  photp- 
grapb  the  whisker  at  750X  to  determine  its  diameter,  (c)  replace  the  loading 
lever  in  its  properly  aligned  position  in  the  whisker  mount  assembly,  (d) 
balaiMse  the  weighing  system  and  (e)  cement  the  remaining  loose  idiisker  end 
to  the  fixed  platen  of  the  whisker  mount  assembly. 

The  known  Inaociiracy  associated  with  the  tensile  strength  measurement 
is  that  occurring  because  of  uncertainty  in  the  measurement  of  diameter. 

This  is  a  maximum  of  0.2  microns  for  a  3-mioron  diameter  whisker,  which  in¬ 
troduces  an  error  of  +  13^  in  the  determination  of  tensile  strength.  An 
unkpoWh  error  nay  have  occurred  because  of  inability  to  align  the  epecinen 
perfently  with  the  direction  of  the  load,  althou^  provision  was  made  for 
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such  aliiining.  Were  it  imperfect,  a  bending  load  would  have  been  introduced 
and,  presumably,  this  would  have  decreased,  the  rupture  load.  Actual  tensile 
strengths  are,  therefore,  considered  to  be  at  least  as. high  as  the  values  so 
determined. 

ill  calibrated  filar  microscope  was  used  to  meastire  deformation.  Ihe 
microscope,  a  Gaertner  type  with  a  fixed  magnification  of  5>0X,  has  a  call* 
brated  accuracy  of  0.00001  inch.  Deformation  readings  were  made  directly  on 
the  whisker  either  by  sighting  on  natural  surface  Imperfections  or  on  refer* 
enoe  marks  produced  by  spot  spraying  when  necessary.  The  material  used  for 
spot  spraying  was  "Steelcase"  gray  lacquer.  This  deformation  measiiring 
technique  has  the  disadvantage  that  it  is  exceedingly  delicate  and  the 
slightest  movement,  even  that  produced  by  hand  pressure  in  manip\il.ating  the 
micrometer,  may  yield  erroneous  readings.  In  addition,  the  idilsker  test 
section  is  limited  to  the  magnified  field  of  the  microscope  and  generally 
represents  a  deformation  gauge  length  between  O.Oh  and  0*05  inch.  Figure  U 
illustrates  this  strain  measuring  microscope  and  its  relationship  to  the  an* 
aiytlcal  balance  loading  apparatus* 

Difficulty  occurred  in  aligning  the  crosshair  of  the  filar  mlcivscope 
exactly  on  the  reference  marks  used  to  denote  the  gauge  length.  The  extent 
of  the  difficulty  varied  ifith  the  different  whisker  specimens.  It  is  judged 
that  this  difficulty  introduced  a  maximum  imcertainty  of  approximately 
0«CXXX)2.  inch  in  the  determination  of  deformation.  Wltti  a  minimum  total  de* 
formation  of  0.0002  inch  in  the  determination  of  modulus,  this  may  have  in* 
troduoed  an  error  as  large  as  *  20^.  Ck>mblnlng  this,  with  the  maximum  error 
in  the  measurement  of  diameter7  which  was  0,2  microns  for  3-micron  diameter 
whiskers,  one  judges  the  modulna  determinations  to  be  accurate  to  within 
approximately  +  33% • 

Attempts  were  made  to  Incorporate  a  high  temperature  capability  into 
the  test  apparatus.  Two  methods  of  whisker  heating  were  investigated.  One 
of  tliese  involved  the  passage  of  current  through  ttie  whisker  >dille  the  other 
Involved  enveloping  the  whisker  by  a  heating  coll.  In  the  direct  resistance 
heating  method,  the  >diisker  was  mounted  on  electrical,  terminals  with  low  re* 
sistance  silver  micropaint  and  the  idilsker  terminal  Joints  were  reinforced 
with  Duoo  cement  (SC13,  Hicro*Circuit8  Co.).  I4ien  current  was  passed  through 
the  whisker  an  Irregular  heating  pattern,  Iridlcated  by  color  discontinuity 
along  the  whisker  length,  resulted.  At  low  values  of  current  flow,  micro¬ 
scopic  blue-white  spots  were  observed.  .These  spots  may  have  been  caused  by 
eleotrolumlnesoenoe.  Broader  bands  caused  by  uneven  heating  were  also  ob¬ 
served* 
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In  the  ii^rect  heating  method  the  idiiskers  were  threaded  through  a 
amall  electrical  heating  coll  made  from  O»O05-lnch  diameter  chromel  wire 
and  then  cemented  to  the  vhlsker  mounts*  When  current  was  passed  throui^ 
the  coll|  color  variations  In  the  coll  disclosed  the  presence  of  a  very 
large  temperature  gradient  idilch  Is  probably  Indicative  of  the  temperature 
{tfoflle  of  the  radiantly  heated  ^dilsker*  While  both  of  these  heating  tech¬ 
niques  may  have  merit  for  high  temperature  testing  of  idilskersj  neither  was 
sujrficlently  refined  with  regard  to  tmnperature  control  Slid  teiqperature 
meaeurieent*  lherefore«  the  tensile  properties  of  SiC  idiiskers  were  not 
psiiUred  St  hi|di  temperatures. 


RESULTS  AND  DISCUSSION 


Whlaker  Grovth 

Eighteen  experlroentfi  were  performed  in  vdiich  the  reactants,  reaction 
temperature,  flow  rates  and  reaction  times  were  varied.  In  the  first  nine 
experiments,  the  reactants  used  were  silicon  tetrachloride  and  toluene.  The 
conditions  prevailing  in  these  experiments  are  siunmarized  in  Table  I.  In 
the  early  runs  (Runs  1  and  2)  in  this  series  the  only  solid  product  observed 
was  an  unidentified  >diite  powder  foimd  on  the  exit  side.  Accumulation  of 
this  powder  resulted  in  clogging  of  the  exit  tube,  Cloggit^  of  the  exit 
tube  baited  runs  1,2, 3,h,  and  6.  Addition  of  a  stainless  steel  coolirig  tube 
allowed  more  space  for  these  products.  In  these  early  runs,  we  were  unable 
to  duplicate  Mere’  (13)  results  in  forming  silicon  carbide  ^iskers.  ihe 
lack  of  solid  products  was  attributed  to  failure  to  achieve  a  reaction  with 
the  silicon  tetrachloride. 

In  order  to  make  available  more  products  of  reaction  with  silicon  tetra¬ 
chloride,  the  proportion  of  silicon  tetrachloride  was  increased  (Runs  3-9)* 
The  immediate  result  of  this  change  was  deposition  of  silicon  metal  on  the 
mullite  tube,  Still  no  silicon  carbide  was  formed.  In  a  further  attempt  to 
reduce  the  silicon  tetrachloride,  sine  was  added  as  a  reactant  (Run  9). 

There  was  no  significant  improvement. 

Due  to  lack  of  success  using  the  silicon  tetrachloride  and  toluene  as 
reactants,  a  change  was  made  to  the  use  of  methyltrichlorosilane  uhon  this 
material  became  available,  Methyltrichlorosilane  was  selected  because, 
upon  decoimposition,  the  products  may  contain  Si-C  bonds,  In  all  except  one 
of  the  subsequent  experiments,  silicon  carbide  whiskers  were  produced. 

Table  II  summarizes  these  nine  runs. 

In  the  first  of  these  runs  (Run  10  and  11)  the  principal  objective  was 
to  determine  the  correct  ratio  of  hydrogen  required  to  evaporate  the  methyl¬ 
trichlorosilane  to  the  excess  hydrogen.  In  Run  10,  silicon  was  formed  and 
too  much  methyltrichlorosilane  was  evaporated.  Therefore,  in  Run  11  the 
volume  of  hydxugen  used  to  evaporate  methyltrichlorosilane  was  reduced  sub¬ 
stantially.  In  this  run  silicon  carbide  whiskers  were  produced  in  the  ex¬ 
treme  exit  end  of  the  graphite  tube. 

The  following  experiments  (Runs  12-18)  were  directed  toward  determining 
tha  optimum  oopditioits  for  growing  silicon  carbide  whiskers  using  methyltni" 
ohlorosilame  as  the  principal  reactant.  Since  low  teaveratures  are  believed 
to  favor  idxiaker  formation,  one  objective  of  tliese  experiments  was  to  grow 
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‘irtiiskers  at  the  lowest  possible  temperature.  In  the  next  run  (Run  12)  the 
furnace  controller  tenqperature  was  reduced  to  2li2$'^C»  Also,  since  the 
idilalcers  in  Run  11  were  formed  at  the  extreme  exit  end  of  the  tube,  an  ad¬ 
ditional  graphite  insert  tube  was  added  to  provide  more  sites  for  idiisker 
growth  at  this  end  of  the  tube.  In  this  e:iq)eriment  >Siiskers  were  grown  at 
both  ends  of  the  reaction  tube.  In  Run  13,  the  furnace  controller  tempera¬ 
ture  was  reduced  another  2$  degrees  to  11^00®C,  In  this  run  an  attempt  was 
made  to  determine  the  temperature  at  the  entrance  to  the  hot  zone  vhere 
whiskers  were  grown  in  the  previous  run.  This  temperature  was  found  to  be 
about  1330°C  and  due  to  the  change  in  furnace  controller  temperature  was 
probably  2S°C  less  than  the  temperature  at  that  location  in  the  previous  run. 

A  profuse  growth  of  SiC  whiskers  1.2  to  1.5  cm  in  length  was  found  at  the 
exit  end  of  the  tube.  In  this  case  no  idilskers  were  found  at  the  entrance 
end.  Run  13  was  the  most  successful  crystal  growth  experiment  of  the  entire 
series. 

In  Run  m  an  attempt  was  made  to  grow  whiskers  with  higher  furnace  con¬ 
troller  temperature  and  higher  flow  rate  of  excess  hydrogen  and  at  the  same 
time  an  atten^t  was  made  to  measiu’e  the  temperature  at  which  the  whiskers 
grow  at  the  exit  end.  In  addition  the  reaction  time  was  increased  in  an 
attempt  to  grow  longer  viiiskers.  Whiskers  were  formed  at  the  graphite  sight¬ 
ing  block  at  the  exit  end.  The  temperature  of  this  block  was  about  1260°C. 

The  conditions  for  this  temperature  measurement  were  far  from  ideal  because 
the  sighting  block  was  exix>sed  to  radiation  from  the  hot  zone  of  the  furnace. 
On  the  other  hand,  the  stubby  whiskers  grovdng  from  the  front  face  of  the 
block  probably  produce  a  fair  black  body. 

In  the  following  runs  (Runs  15-16)  several  other  variations  were  attempt¬ 
ed.  In  these  runs  the  furnace  controller  temperatures  were  kept  in  the  range 
1375  to  IhOO^C  aikL  the  reaction  time  was,  in  general,  as  long  as  practical 
for  a  regular  working  day.  In  Run  15  the  excess  hydrogen  flow  rate  was  re¬ 
duced  to  500  aa^/min.  The  result  was  an  unusual  growth  of  silicon  metal  on 
the  entrance  end.  Silicon  carbide  idiiskers  and  needles  were  grown  on  the 
exit  end.  In  Run  16,  the  flow  rate  of  the  hydrogen  carrier  gas  was  increased 
to  30  onP/min,  thus  increasing  the  flow  rate  and  concentration  of  the  raethyl- 
trlchlorosilane.  The  result  was  a  growth  of  silicon  metal  on  the  entrance 
end,  Silicon  carbide  whiskers  ard  needles  were  grown  at  the  ocit  end.  Run 
17  was  an  attempt  to  duplicate  Run  13.  However,  due  to  lack  of  control  of 
the  rate  of  evaporation  of  the  mettyltrlchlorosilane,  the  concentration  of 
this  reactant  was  less  than  expected.  The  use  of  a  constant  ten^rature  bath 
to  control,  the  temperatxire  at  tdilch  the  hydrogen  picks  up  the  reactant  should  . 
improve  the  control  of  the  rate  of  evaporation.  Silicon  carbide  idilskers  and 
needles  were  grown  at  the  exit  end  but  the  whiskers  were  not  as  long  or  pro- 
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fuse  as  in  Run  13«  In  Rmi  18  toluene  was  added  in  an  attempt  to  provide 
«ccess  carbon  and  the  concentration  of  the  raethyltrichlorosilane  was  in¬ 
creased*  Whereas  in  Runs  1$  and  16  the  increased  concentiation  of  methyl- 
trichlorosilane  resulted  in  formation  of  silicon  metal  at  the  entrance  end> 
this  was  not  observed  in  Run  18  and  its  absence  can  be  attributed  to  the 
presence  of  carbon  from  the  toluene.  Again  silicon  carbide  whiskers  were 
formed  at  the  exit  end. 

The  conditions  most  favorable  to  silicon  carbide  idiiskers  growth  were 
conditions  present  in  Run  13.  In  this  r\in  the  flow  rate  was  3.53  x  10“^ 
moles/min  of  CH^SiClo  in  a  total  hydrogen  flow  of  1020  cnr/min.  The  re¬ 
action  time  was  five'^hours  at  a  furnace  controller  tenqperattire  of  1U00°C« 

The  whiskers  grew  at  about  1260°C. 

The  longest  whiske"  produced  during  these  experiments  was  five  centi¬ 
meters  in  lei]gth*  This  whisker  was  produced  in  Run  16  and  is  twinned  in 
several  places.  The  more  typical  whiskers  such  as  those  observed  in  Run  13 
are  from  one  to  1,5  cm  in  length  and  from  1.5  to  U  microns  in  diameter. 

It  is  of  interest  to  note  that  the  pyrolysis  of  the  raethyltrichloro¬ 
silane  and/or  reaction  with  hydrogen  and  the  graphite  tube  produces  a 
variety  of  substances «  each  being  depxjsited  or  formed  in  various  locations 
relative  to  the  hot  zone.  Figure  5  is  a  photograph  of  the  longitudinal 
section  of  a  typical  graphite  reaction  tube  insert  after  completion  of  a 
whisker  growing  experiment.  Area  A,  identified  as  the  upstream  end  of  the 
reaction  tube^  usually  contains  a  splatter  deposit  of  silicon  metal.  On 
several  occasions,  however,  the  silicon  metal  formed  in  this  region  grew  in 
very  pjeculiar  forms  resembling  either  "moose  antlers"  or  "bushy  cluttps"  ae 
illustrated  in  Figures  6  and  7.  Area  B,  identified  as  the  region  downstream 
of  A  and  lying  between  Area  A  and  the  hot  reaction  zone,  contains  a  dense 
but  short  and  stubby  brittle  needle-like  grovrth  of  SiC  as  shown  in  Figure  0. 
The  Sic  structure  appears  to  be  in  doubt  since  X-ray  diffraction  piatterns 
identify  it  as  the  cubic  beta  form  but  examinations  under  polarized  light 
disclose  these  crystals  to  be  birefringent  with  parallel  extinction.  Area 
C,  located  on  the  downstream  side  of  the  hot  reaction  zone  contains  dense, 
white  to  p>ale  green,  cotton-like  growth  of  SiC.  The  SiC  crystals  from  this 
area  were  identified  by  X-ray  diffraction  as  the  hexagonal  alpha  form.  The 
specific  gravity  of  this  form  ranges  from  3.2114.  to  3*217.  Examination  of 
the  crystals  luider  px>larized  light  shows  them  to  be  birefringent  verifying 
their  anisotropic  structure.  These  crystaQ-s  are  comparatively  long  flexible 
whiskers  and  are  shown  in  Figure  9.  Closer  examination  of  the  individual 
whiskers  as  Illustrated  in  Figures  10  and  11  reveals  that  the  growth  p>attei*n 
is.  not  consistent  since  some  idilskers  from  identical  locations  in  Area  C 
show  banded  structures  while  others  do  not. 
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The  itAiisker  growth  is  restricted  to  the  parts  of  the  system  in  which 
the  conditions  are  appropriate  for  vdiisker  growth*  It  seems  likely  that 
the  temperature  is  the  most  important  of  these  conditions  since  whiskers 
beve  been  fp\ind  at  both  the  entrance  and  exit  of  the  reaction  tube  and  it 
is  unlikely  that  the  concentrations  of  the  reactants  and  gaseous  products 
ere  the  same  at  both  of  these  locations*  Thereforei  in  order  to  increase 
the  mater  of  idiiskers  produced  it  would  be  appropriate  to  increase  the 
volume  in  which  the  aesirea  idiisker  growth  tenqperature  prevails* 

I-Ierz  (13)  in  his  experiioents  at  tempefattires  from  I400  to  1550®C  ob- 
sez^ed  the  presence  of  both  alpha  and  beta  silicon  carbide  and  concluded 
that  generally  accepted  stability  relations  between  these  form  are  in  doubt* 
The  results  of  the  experiments  reported  here  confirm  Mere '  obseivations  with 
respect  to  the  coexistence  of  both  forms  at  these  relatively  low  temperatures* 


Mechanical  Property  Measurement 

Prior  to  determining  the  stress-strain  properties  of  the  SiC  ^diiskers 
prepared  in  the  whisker  growing  phase  of  the  program,  several  loading  tests 
were  conducted  in  the  course  of  apparatus  development  and  refinement* 

These  preliminazy  tests  indicated  the  approximate  strength  to  be  expected 
in  subsequent  determinations  and  the  nature  of  the  rupture  of  SiC  idiiskers* 
The  whiskers  are  completely  destroyed  in  the  \mcemented  portion.  It  is  un¬ 
likely  that  this  is  caused  by  cracking  at  many  sites  on  the  vdiisker  during 
tensile  loading*  Instead  it  appears  that  an  explanation  dealing  with  elas¬ 
tic  strain  recoveiy  is  more  appropriate*  During  loading,  the  whisker  is 
placed  in  a  state  of  high  elastic  strain  energy  which  vitien  released,  due  to 
primary  nqpture  of  the  trtilsker  at  a  localized  site.,  produces  a  recovery 
strain  wave  with  sufficient  force  to  destroy  the  whisker.  F^om  an  analysis 
of  these  observations,  it  is  conclzided  that  SIC  whiskers  exhibit  little  or 
no  plastic  strain  and  that  rupture  is  sudden  and  of  characteristically 
brittle  or  cleavage  type. 

With  this  background  in  SiC  >diisker  testing,  a  series  of  experiments 
was  performed  in  which  the  stress-strain  properties  were  measured.  The 
whiskers  for  the  stress-strain  determinations  were  selected  on  the  basis  of 
surf  ape  regularity  (l«e*,  vdilskars  showing  the  least  amoxmt  of  banding  were 
selected)*  The  test  whiskers  were  generally  in  the  2  to  3*5  micron  diameter 
range  althou^^  a  few  with  diameters  up  to  microns  were  tested.  The  re¬ 
sults  of  the  series  of  tests  are  sunnarised  in  Table  III  and  show  a  rather 
pronounced  scatter  in  strength,  elastic  modulus  and  strain  zdiich  seems  char- 
aoteristlo  of  nephanloal  property  observations  on  whiskers  of.  other  types 
as  well*  These  results,  nevertheless,  show  that  SIC  idiiskers  can  be  very 
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strong  as  evidenced  by  the  1*6  x  10^  psi  tensile  strength  recorded  for  one 
idaisicer*  In  the  other  eleven  cases  the  observed  values  ranged  from  1.0  x 
105  to  5.0  X  ICP  psi. 

The  reasons  for  the  observed  variations  are  not  understood.  In  some 
other  investigations,  the  parts  remaining  after  fracture  have  been  retested 
and  found  to  be  stronger  than  the  original  vrflisker.  If  defects  such  as  sur¬ 
face  microcracks  are  responsible  for  toe  reduced  strei^gto  of  toe  SiC  whisk¬ 
ers,  toe  strength  of  toe  f raptured  toisker  fragments  may  approach  toe  high¬ 
est  observed  strength.  Since  the  toiskers  that  were  measured  were  all  from 
Run  13,  no  information  is  available  to  determine  the  effect  of  the  variables 
associated  with  growth  conditions  on  the  strex^th  and  modules  of  elasticity. 
It  is  likely  that  a  large  part  of  the  observed  variation  is  due  to  experi¬ 
mental  difficulties  associated  with  alignment  of  the  applied  loads  with  the 
axis  of  the  whisker. 

In  toe  light  of  these  results,  it  may  be  appropriate  to  compare  the 
meohanloal  properties  of  SiC  whiskers  with  toe  properties  of  other  types  of 
materiels.  Frobably  toe  most  cong^lete  and  significant  individual  research 
on  the  strength  of  specific  types  of  vdiiskors  is  that  of  Brenner  (3)  in 
toich  he  studied  iron  and  copper  c^Tstals,  He  observed  a  large  scatter  in 
results  for  tolskers  with  diameters  less  than  6  mici'ons.  For  example,  the 
scatter  in  iron  whiskers  R  microns  in  diameter  ranged  from  260,000  to  760, 
000  psi  and  for  2-micron  diameter  tolskers  from  1|25,000  to  1,250,000  psi. 

Re  concluded  that  toe  average  strength  is  inversely  proportional  to  whisker 
diameter  and  he  attributed  the  size  dependence  and  scatter  to  defects  or 
dislocations  tolch  react  with  varying  degrees  of  effectiveness  in  promoting 
flow  or  fracture*  Similar  size  effects,  however,  have  not  been  observed  in 
zinc  or  cadmium  whiskers  in  toe  range  of  1  to  10  microns  (17)  nor  have  they 
been  observed  in  silicon  whiskers  in  the  range  of  16  to  28  microns  (10). 

The  number  of  measurements  on  SIG  tolskers  has  not  been  sufficient  to  de¬ 
termine  whether  or  not  there  is  a  size  effect. 
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“2  tank  igure  SCHEMATIC  ILLUSTRATION  OF  THE  PYROLYTIC  GASEOUS  REACTANT  PROCESS 

FOR  GROWING  SIC  WHISKERS 


Figure  3  SCHEMATIC  REPRESEHTATIOH  ILLUSTRATING  MODIFICATIONS  OF  AN 
ANALYTICAL  BALANCE  FOR  TENSILE  TESTING  WHISKERS 


Figure  3  SCHEMATIC  REPRESEHTATIOH  ILLUSTRATING  MODIFICATIONS  OF  AN 
ANALYTICAL  BALANCE  FOR  TENSILE  TESTING  WHISKERS 


MODIFIED  ANALYTICAL  BALANCE  AND  ASSOCIATED  FILAR  MICROSCOPE 
FOR  THE  TENSILE  TESTING  OF  WHISKERS 


Figure  6  ” ANTLER"  FORM  OF  SILICON  METAL  FOUND  TO  DEPOSIT  IN  AREA  A  OF 
REACTION  TUBE  -  55  X  MAG. 


I 


Figure  7  "BUSH"  FORM  OF  SILICON  METAL  FOUND  TO  DEPOSIT  IN  AREA  A  OF  REACTION 
TUBE  -3.5  X  MAG. 
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Figure  9  TYPICAL  FORMATION  OF  "COTTON-LIKE"  SIC  WHISKERS  IN  AREA  C  BY  THE  GASEOUS  REACTANT  PROCESS 


1450  X  MAG. 

ALPHA  SiC  WHISKERS  GROWN  IN  AREA  C  OF  REACTION  TUBE  BY  THE 
PYROLYTIC  GASEOUS  REACTANT  PROCESS 


4tisiMBKL4v ' 

Figure  II  BANDED  AND  UNBANDED 
OF  REACTION  TUBE 


SU1#]ARY  AND  RECOMMENDATIONS 


Silicon  carbide  whiskers  were  prepared  by  pyrolysis  and  reaction  of 
inethyltrichlorosilane  vjith  hydwgen  at  furnace  controller  temperatures  in 
the  range  from  The  best  results  were  achieved  under  the  foUowi- 

lr<g  conditions: 


flow  rate  of  CH^SiCl, 

Flow  rate  of  hydrogen  carrier  gas 
Flow  rate  of  excess  hydrogen 
Reaction  Time 

Fwnace  controller  temperature 
Reaction  temperature 


3»k3  X  10“^  moles/min 
20  cmVwln 
1000  cj!r/min. 

$  hoxurs 
Ut00°C 
about  1260°C 


The  whiskers  grown  by  this  process  were  identified  as  alpha  (hexagoxml) 
silicon  carbide.  The  specific  gravity  of  this  form  ranges  from  3«21U  to 
3.217. 


The  whiskers  grow  in  a  very  limited  region  of  the  reaction  tube.  The 
lengtli  of  this  region  probably  indicates  that  the  whiskers  grow  only  in  a 
small  range  of  temperatures.  In  additioh,  the  quality  and  quantity  appears 
to  be  quite  sensitive  to  flow  rate,  ratio  of  gaseous  reactants,  reaction 
temperature  and  reaction  time.  In  Run  13,  under  the  conditions  listed  above, 
dense  growths  of  idiiskers  1,2  -  1,5  centimeters  in  lei^th  and  2  to  5  microns 
in  diameter  were  observed.  The  length  of  the  longest  whisker  was  5  centi¬ 
meters. 

The  tensile  properties  of  the  SiC  ^diiskers  were  measured  in  a  modified 
analytical  balance.  The  results  on  vdiiskers  from  2,0  to  U.5  microns  in  dia¬ 
meter  indicate  that  the  strength  usually  ranges  from  100,000  to  500,000  psi, 
although  one  idiisker  had  a  strength  of  1,600,000  psi,  SiC  >diisker8  deformed 
elastically  up  to  1,1^,  No  plastic  deformation  was  observed.  Rupture  occurs 
in  typical  brittle  fashion. 

The  following  addltioiml  research  is  recommended: 

A,  fbqxmslon  of  capacity  for  growing  silicon  carbide  whiskers. 
Investigation  of  methods  for  growing  loi^ger  whiskers* 

B,  Investigation  of  the  use  of  silicon  carbide  vdiiskers  in 
mat  form  as  high  ten^rature  thermal  Insxilation, 

C*  Investigation  of  the  use  of  silicon  cvbide  whiskers  as  a 
reinforcing  material  in  composites* 
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Expansion  of  capacity  for  growing  silicon  carbide  whiskers  is  largely 
a  matter  of  increasing  the  volume  of  the  region  in  which  the  conditions  for 
idiisker  growth  prevail.  The  larger  reaction  chamber  and  larger  quantities 
of  reactants  may  also  aid  in  growing  longer  whiskers.  The  lengths  of  the 
ordirnry  whiskers  produced  in  the  above  experiments  were  a  large  fraction 
of  the  diameter  of  the  reaction  tiibe.  The  five  centimeter  >diisker  was  al¬ 
most  twice  as  long  as  the  diameter  of  the  reaction  tube. 

Several  properties  of  silicon  carbide  idilskers  make  them  attractive  for 
a  variety  of  potential  uses,  ibnong  these  properties  are  the  following t 

(1)  High  strength  -  The  strength  of  these  whiskers  is  in  the 
same  range  as  the  strength  of  glass  fibers.  Due  to  in¬ 
creased  hardness  and  corrosion  resistance  compared  to 
glass  fibers,  the  usable  strength  of  the  whiskers  may  ex¬ 
ceed  that  of  the  glass  fibers. 

(2)  High  modulus  of  elasticity  -  The  results  of  these  experi¬ 
ments  indicate  that  the  modtilus  of  elasticity  of  the  sili¬ 
con  carbide  vdilskers  can  be  miich  larger  than  that  of  fiber 
glass.  Utilization  of  a  high  modulus  reinforcing  material 
can  aid  greatly  in  stiffening  structures  made  of  reinforced 
plastics  or  ceramics. 

(3)  Dow  specific  gravity  -  The  elements,  silicon  and  carbon, 
have  low  atomic  weight  so  that  the  specific  gravity  of  this 
material  is  low  relative  to  maxy  possible  alternative 
materials. 

(U)  High  index  of  refraction  -  This  proi>erty  will  cause  scatter¬ 
ing  of  thermal  radiation  and,  therefore,  will  reduce  the 
total  heat  transfer  through  a  composite  material  and  for 
materials  in  mat  form  will  effectively  Insulate  against  radi¬ 
ant  heat  transmission. 

(5)  Stable  decomposition  products  -  In  an  oxidizing  atmosphere 
silicon  carbide  decomposes  at  the  surface  to  form  Si02 
glass  vdilch  protects  against  further  oxidation.  In  a  re¬ 
ducing  atmosphere  it  decosqxxses  leaving  graphite. 
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SmCOH  TETROCHIORTDE,  TOLCEME 
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RESULTS  OF  TENSIIE  MEASUREMENTS  ON  SIC  WHISKERS 
(ESilakars  c«  in  length  from  Run  13) 


Whisker 

DisMeter 

Observed 

Strain 

Tenslln  Strength 

Elastic  Modulus 

■ 

iv) 

% 

(dyn  cm.*'®) 

(Ib.in."*) 

(dyn  c».“^) 

(Ib.in.-^) 

2.2 

1.11)  X  10^ 

1,650,000 

— 

U.5 

— 

6.90  X  10^ 

100,1)00 

— 

— 

2.7 

0.69 

3.08  X  lO"" 

1)1)7,000 

1),31  X  10^ 

62.5  X  10^ 

2.5 

0.71 

6.96  X  10^ 

101,300 

8.76  X  10^ 

12,7  X  10^ 

3.5 

0.99 

2.18  X  10^ 

316,000 

1.93  X  10^^ 

28.0  X  3D^ 

3.7 

0.81 

9.51  X  10^ 

138,200 

1.06  X  10^ 

35.1)  X  3D^ 

2.5 

0*60 

1.58  X  10^ 

230,000 

2.65  X  10^ 

38  J)  X  10^ 

2.25 

— 

.  30 

1.1)9  X  10 

216,000* 

2.88  X  10^ 

1)1.8  X  10^ 

2.8 

1.10 

2.7U  X  30^ 

397,000 

2.1)7  X  10^^ 

35.8  X  10^ 

U.U 

0^96 

2.1)1  X  10^ 

350,000 

2.1)9  X  10^ 

36.1  X  10^ 

3.0 

0.1)1 

3.1)1)  X  10^ 

1)99,000 

8.50  X  10^ 

123.3  X  10^ 

2.5 

0.1)9 

1.96  X  loi^ 

281),000 

l).Ol)  X  10^ 

58.6  X  10^ 

*  Speoinpn  poUeil  out  of  oeaenWno'  n)q;>tare  etrength  recorded* 
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Th«  tenciU  strength  o(  these  whiskers  rsnges  from  100,400  to  I  I  j  The  tensile  strength  of  these  whiskers  ranges  from  100,400  to 

1,6S0,000  psi.  The  elastic  strain  at  failure  varied  from  0.41  {  j|  1,6S0, 000  psi.  The  elastic  strain  at  failure  varied  from  0. 41 

to  1.  10  percent  and  the  observed  values  of  elastic  modulus  I  i  !  to  I,  10  percent  and  the  observed  values  of  elastic  modulus 

varied  from  12,700,000  to  123,300,000  psi.  These  results  j  >1  varied  from  12, 700, 000  to  123, 300, 000  psi.  These  results 

Indicate  that  silicon  carbide  whiskers  can  be  strong,  high  I  I  j  indicate  that  silicon  carbide  whiskers  can  be  strong,  high 
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